Biologically treated leachate usually contains considerable amount of refractory organics and trace concentrations of xenobiotic pollutants. Removal of refractory organics from biologically treated landfill leachate by a novel microwave discharge electrodeless lamp (MDEL) assisted Fenton process was investigated in the present study in comparison to conventional Fenton and ultraviolet Fenton processes. Conventional Fenton and ultraviolet Fenton processes could substantially remove up to 70% of the refractory organics in a membrane bioreactor treated leachate. MDEL assisted Fenton process achieved excellent removal performance of the refractory components, and the effluent chemical oxygen demand concentration was lower than 100 mg L −1 . Most organic matters were transformed into smaller compounds with molecular weights less than 1000 Da. Ten different polycyclic aromatic hydrocarbons were detected in the biologically treated leachate, most of which were effectively removed by MDEL-Fenton treatment. MDEL-Fenton process provides powerful capability in degradation of refractory and xenobiotic organic pollutants in landfill leachate and could be adopted as a single-stage polishing process for biologically treated landfill leachate to meet the stringent discharge limit.
Introduction
The disposal of municipal solid wastes in landfill is a common practice in both developed and developing countries due to technological maturity and economic advantage even though the generation of landfill leachate is an important drawback [1, 2] . Landfill leachate is strongly polluted wastewater that contains a large variety of different compounds, some of which can be expected to create a threat to health and nature if released into the natural environment [3] [4] [5] [6] . Biological treatment systems have been extensively employed to remove the biodegradable contaminants in landfill leachates. However, most biological treatment processes are not efficient enough to conform to the legislations for discharge into water bodies, for instance, the discharge regulation guidelines for municipal solid waste landfill leachate (GB16889-2008) in China.
The biologically treated leachates contain significant amount of biorefractory organic matters, such as fulvic and humic-like compounds [7, 8] , with chemical oxygen demands (COD) up to several hundred milligrams per liter. Moreover, many hazardous compounds, including halogenated aliphatic compounds and polycyclic aromatic hydrocarbons (PAHs), have been detected at very low concentrations in leachates. Low concentrations do not eliminate environmental threats, as many compounds can be assumed to be hazardous even in small amounts and negative effects are often caused by multiple and synergistic effects. Thus, physicochemical oxidation processes are needed to gain better removal performance for both high amounts of refractory organic matters and trace concentration of xenobiotic pollutants in biologically treated leachate. Fenton and photo assisted Fenton processes have attracted intensive interest in the landfill leachate treatments due to their advanced capability in oxidation of refractory organic compounds, moderate cost, and simplicity of operation [7, [9] [10] [11] [12] . In Fenton process, highly reactive hydroxyl radicals (
• OH), whose oxidation potential is 2.70 electron volts, only lower than fluorine, are generated in the catalytic decomposition of hydrogen peroxide by ferrous ion. It is reported that around 60-85% of COD removal in biologically treated landfill leachates can be accomplished under the optimal reactive agent dosage conditions. Photo assisted Fenton process is based on the same reagents as Fenton process but the solution is additionally exposed to ultraviolet radiations (UV-Fenton), which results in higher generation of hydroxyl radicals. Generally, UV-Fenton could significantly reduce dosage of ferrous ion and improve COD removal efficiency depending on the landfill leachate characteristics, reagent dosages, and photoirradiation.
Recently, microwave discharge electrodeless lamps (MDELs) have been used to substitute traditional Hg lamps in photocatalysis treatment of various gaseous and aqueous pollutants [13] [14] [15] [16] [17] . A MDEL comprises an envelope or bulb containing a plasma-forming medium. When the MDEL is placed in a microwave energy field, the gases within the envelope ionize and a low-pressure plasma discharge forms, beating the envelope, vaporizing materials to emit light. Compared with normal UV light sources, MDELs do not produce blackened electrodes caused by wear and tear, oxidation, and sealing due to the absence of electrodes. In addition, MDELs have many advantages such as their low price, low energy cost, high light intensity, and simple reactor. Moreover, there are many options for light-emitting materials so that MDELs can provide different wavelengths of UV radiation [18, 19] . MDEL is a promising technology for photo assisted Fenton process to degrade the recalcitrant matters in landfill leachate, but the removal performance is still unclear so far.
The aims of the present work are twofold: (1) to develop a single-stage treatment technology to remove the high concentrations of refractory organic matters in biologically treated landfill leachate by using Fenton, UV-Fenton, and MDEL-Fenton oxidation processes in order to meet the discharge regulations and (2) to quantify the changes of the trace PAHs during the various Fenton-based treatment processes.
Materials and Methods

Materials.
Leachate samples from a landfill in Shenzhen (China) taken between February and June 2014 were used in the study. Leachates were collected from the outlet of a membrane bioreactor (MBR) that follows an air-stripper tower for ammonia removal. The MBR consists of an anoxic and aerobic tank in sequence, and the mixed liquor in the aerobic tank is recycled into the anoxic tank. Six hollow fiber microfiltration membrane modules with a pore size of 0.1 m were used to separate the activated sludge from the MBR effluent. After sampling, the leachate was preserved in a refrigerator protected from light. The water main characteristics of the biologically treated leachate are listed in 
Experimental Set-Up.
The Fenton experiments were performed in a batch mode reactor with an effective volume of 200 mL. The leachate was mixed throughout the experiment with a magnetic device. The operational pH and reagent concentrations were optimized. The initial pH was adjusted to the desired value using 1 mol L −1 sulfuric acid. Ferrous sulfate was added to reach the targeted ferrous ion concentration. Hydrogen peroxide was then added in batch mode until the designated concentration was reached. After 1 h of reaction, aliquots of treated leachate were taken with a syringe and filtered through a 0.45 m filter membrane to collect the filtrate for the analysis of residual organic matter.
UV-Fenton treatments were carried out in a cylindershaped batch reactor with an effective volume of 600 mL. UV irradiation with a wavelength of 254 nm was provided by a 10 W high-pressure mercury lamp. The lamp was inserted into a quartz glass sheath and immersed into the center of the reactor. When applying the UV-Fenton process, all experimental procedures were the same as the Fenton, except that the UV lamp was switched on simultaneously as hydrogen peroxide was added. The MDEL-Fenton treatment was conducted in a homemade undivided reactor, as illustrated in Figure 1 (a), containing 250 mL of the leachate. The microwave source was a domestic microwave oven (Panasonic Co., Japan; power, 700 W; frequency, 2.45 GHz), and the microwave was maintained continuously during the treatment. The MDEL-Fenton reactor was a double-wall cylindrical quartz reactor equipped with water-cooling apparatus (Figure 1 
Molecular Weight Fractionation of Organic Matters in
Leachate. The molecular weight fractionation of the organic matters in raw and treated leachate samples were determined by ultrafiltration assays. Ultrafiltration of leachate samples was conducted using a dead end batch 200 mL stirred ultrafiltration apparatus (Model 8200, Amicon, Belford, MA, USA), a nitrogen gas tank (pressure: 120 kPa), and membrane discs with the molecular weight cut-offs of 1, 5, and 10 kDa (Millipore, Billerica, MA, USA).
Extraction Process for PAHs in Leachates.
The leachate samples before and after different treatments were spiked with surrogates before extraction. 500 mL of each leachate sample was extracted with a 6 mL (0.5 g) Supelclean ENVI-18 SPE cartridge (Supelco, USA) and a 6 mL (0.5 g) Oasis HLB LP cartridge (Waters Corp., USA) in serial at a flow rate of 6 mL min −1 . The cartridges were prewashed with 10 mL of acetone and conditioned with 10 mL of methanol followed by 10 mL of ultrapure water. After extraction, the HLB cartridge was eluted using 10 mL acetone : methanol mixture (90 : 10, V/V), while the SPE cartridge was eluted using 10 mL hexane : acetone mixture (70 : 30, V/V). All extracts were evaporated to near dryness under a gentle flow of nitrogen gas and dissolved in 1 mL of hexane and added with the internal standards. [20] . Dissolved organic carbon (DOC) was measured using high temperature combustion with a TOC analyzer (Shimadzu TOC-5000A, Japan). The UV-Vis absorbance in the range from = 200 nm to = 600 nm was analyzed via UV-1800 UV-Vis spectrophotometer (Shimadzu Co., Japan), equipped with a quartz cell with a path length of 1 cm. The absorbance parameters UV 254 and CO 436 of samples were also determined.
Analysis. COD was determined according to the Standard Methods
PAHs were analyzed by a Bruker 451 gas chromatograph connected to a mass spectrometry (GC/MS) using anthracene-D10 as internal standard. GC was equipped with a capillary column (DB-5MS, 30 m × 0.25 mm × 0.25 m, Agilent, USA) and sample size was 1.0 L (nonflow injection). Carrier gas was He (purity 99.99%) and flow rate was 1 mL min −1 . The temperature of introduction port was 280 ∘ C and detector was 300 ∘ C. The start temperature of column was 40 ∘ C, stayed for 2 min, temperature programmed up to 300 ∘ C by the rate of 5 ∘ C min −1 and then stayed for 5 min. SIM scan was selected. The determination condition of MS was as follows: ion source (EI) temperature of 270 ∘ C, quadrupole temperature of 200 ∘ C, and EI voltage of 70 eV. The concentrations of organic compounds were calculated using standard curve. Surrogate recoveries for all samples were above 69% for both phenanthrene-D10 and acenaphthylene-D10.
Results and Discussion
Removal Performance of Refractory Organic Matters.
The optimal operational conditions for conventional Fenton, UVFenton, and MDEL assisted Fenton processes were determined on the basis of COD, TOC, and UV 254 absorbance removal performance. Figure 2 shows the influence of initial pH in convention Fenton process. Results indicated that initial pH significantly influenced COD removal since pH controls the activity of the oxidant and the stability of hydrogen peroxide [10] . As shown in Figure 2 , the COD removal could be higher than 60% within the pH from 3.0 to 6.0 with Fe 2+ and H 2 O 2 dosage of 3 and 20 mM, respectively, while the optimal initial pH of 5.0 is established. Even though this result does not agree with many previous findings (pH < 4) [7, 10, 11] , the pH titration curves of the leachate indicate that the major capacity of alkalinity falls into the pH range 5 to 7 and the aqueous pH decreased rapidly to around 3 during the Fenton treatment (data not shown). Figure 3 shows the effects of hydrogen peroxide concentration on the COD, TOC, and UV 254 removal at various ferrous ion concentrations in Fenton process. Visible iron precipitates were formed after ferrous sulfate addition into the leachate, and about 6-9% COD removal can be achieved without hydrogen peroxide addition. Best removal performance of organic matter was obtained with Fe
2+
concentration of 2 mM, and the COD removal efficiencies were higher than 70%, and the remaining COD ranged from 130 to 180 mg L −1 . A lower dosage of Fe 2+ (1 mM) resulted in COD removal less than 50%. Unexpectedly, higher Fe
dosage did not gain further COD removal but led to excessive production of iron sludge that should be disposed of. −1 COD, which is much less than those reported previously [22] . However, the remaining COD in the effluent of Fenton oxidation is still higher than the discharge limit of 100 mg L −1 . Figure 4 shows the influence of Fe 2+ and H 2 O 2 dosages on the removal performance of COD and TOC in leachate via UV-Fenton oxidation. Reduction of organic matters by UV-Fenton process followed the similar trend with conventional Fenton treatment. Rapid reduction of COD was easily obtained at low H 2 O 2 dosages, while further removal was comparatively difficult to be accomplished. With the aid of UV irradiations, higher amount of recalcitrant organic matters was mineralized at the conditions of ferrous ion concentration of 3 mM.
MDEL-Fenton experiments were performed at different Fe 2+ and H 2 O 2 concentrations, and the results are present in higher than 83% and effluent COD less than 100 mg L −1 could be achieved at Fe 2+ and H 2 O 2 dosages of 2 mM and 47 mM, respectively. The COD in effluent of MDEL-Fenton process was 87 ± 5 mg L −1 with H 2 O 2 dosage of 52 mM and was consistently lower than the discharge limit. In comparison to the Fenton process, the introduction of MDEL irradiation did not improve COD removal at low H 2 O 2 concentrations, for example, 12 mM, while MDEL irradiation gradually increased COD removal efficiency with further increment of H 2 O 2 addition, albeit in a much lower trend. Moreover, we could conclude that the optimal Fe 2+ concentration in MDELFenton oxidation is much less than conventional Fenton. As a result, a great variety of ferric complexes are formed and the amount of ferric ions in MDEL-Fenton oxidation is reduced [10] . Owing to lower Fe 2+ dosage in MDEL-Fenton process, much less precipitate was formed and most refractory organic compounds were mineralized by the oxidative reagents added and formed in the aqueous solution, which may partially account for the higher H 2 O 2 concentration for COD removal.
Excellent COD removal performance in MDEL-Fenton process provides an alternative option for polishing the recalcitrant organics in biologically treated landfill leachate. Currently, most Chinese landfill plants use nanofiltration and/or reverse osmosis processes to separate the refractory organic compounds, which requires huge capital investment and operating costs. These membrane-based processes produce concentrated brine that contains nearly all refractory organic matters in the leachate. Unfortunately, mineralization of these compounds by physicochemical oxidation process is inevitable.
Transformation Characterization of Refractory Organics.
The UV-Vis absorbance spectra of the refractory organic matters show an increase in the absorbance with the decreasing wavelength ( Figure 6 ). With Fenton and MDEL-Fenton oxidation, a steady decrease in the UV-Vis absorption was observed. For example, UV 254 has been shown to be a useful parameter for estimating the dissolved aromatic carbon content in aquatic systems, and the 254 nm absorbance is linked to organic compounds with one or many double bonds. UV 254 absorbance of leachate was largely reduced from 1.35 to 0.5, 0.24, and 0.11 after Fenton, UV-Fenton, and MDEL-Fenton oxidation, respectively.
A comparison of the TOC distribution among the organic substances of different MW was performed. As shown in Figure 7 (a), the component with MWs less than 1 kDa contributed to around 50 percent in the biologically treated leachate, and the rest of organic components were nearly evenly distributed in the MW range among 1-5 kDa, 5-10 kDa, and >10 kDa categories. After being treated by Fenton process, TOC content of the organic compounds with MWs larger than 1 kDa was eliminated. Meanwhile, the fraction with MW less than 1 kDa greatly removed. The result of MDEL-Fenton process confirmed that the components with large MW are transformed into small ones and higher degree of mineralization of the refractory matters was achieved by MDEL-Fenton oxidation. Figure 7 (b) shows the distribution of UV 254 absorbance among the MW based fractions in the leachate, Fenton, and MDEL-Fenton treated leachates under optimized conditions of reagent molar ratios. UV 254 quenching substances are considered to be more biologically refractory than TOC in leachates [23] . Similar to TOC fractions in Figure 5 (a), UV 254 absorbance of the component less than 1 kDa was around 50% of the overall UV 254 of the biologically treated leachate, and the distribution of UV 254 quenching substances was relatively even among MW > 1 kDa. It could be observed that 77% and 96% of the UV 254 quenching substances > 1 kDa got removed after Fenton and MDELFenton oxidation, respectively. For UV 254 quenching substances < 1 kDa, removal efficiencies of 49% and 88% were observed for the Fenton and MDEL-Fenton treated samples. This shows that Fenton's reagents not only mainly target the larger MW (>1 kDa) fractions but also exhibit good removal for UV 254 quenching substances < 1 kDa. In comparison to Fenton process, the MDEL significantly improved the degradation of UV 254 quenching substances with different MWs.
Figure 7(c) shows the changes of color absorbance at 436 nm, CO 436 , of different MW fractions in leachate before and after Fenton and MDEL-Fenton oxidation. In the biologically treated leachate, the fraction of substances > 10 kDa contributed more than 30% of the overall CO 436 absorbance, in spite of its 15% contribution to TOC value. Fenton process effectively removed CO 436 absorbance from the refractory matters > 5 kDa, while MDEL-Fenton process reduced CO 436 absorbance from all MW ranges and an overall color removal efficiency of 91% was obtained. rings, while the removal efficiencies for two and four rings were comparatively low, which might result from the low concentration for those PAHs in biologically treated leachate. MDEL assisted Fenton process, nevertheless, significantly enhanced the destruction of these trace amounts of PAHs.
Evaluation of MDEL-Fenton
Half of the ten different PAHs present in leachate samples are undetectable, and the remaining PAH concentrations are less than 0.10 g/L. Previous studies reported that PAHs usually complex with the humic substances in different water and wastewater [24, 25] . Excellent TOC removal in the biologically treated leachates by MDEL-Fenton process probably contributed to the PAHs reduction performance.
Conclusion
Both Fenton and MDEL-Fenton processes effectively removed the nonbiodegradable organic matters present in the landfill leachate. More than 70% COD removal could be obtained by Fenton oxidation at the optimal condition of initial pH 5.0, 2 mM ferrous ion, and 6 mM hydrogen peroxide addition. The introduction of microwave discharge electrodeless lamp could improve the Fenton oxidation to achieve an effluent COD concentration less than 100 mg L −1 . Molecular weight distribution assay demonstrates that most large molecular weight (>1 kDa) refractory organic compounds were transformed into organic matters less than 1 kDa. Ten different polycyclic aromatic hydrocarbons were detected in the leachate samples, 97.9% of which were removed by MDEL-Fenton process. The combination of MDEL and Fenton provides a single-step polishing process for the refractory organic matters in biologically treated landfill leachate to meet the stringent discharge limit.
